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ABoTuACT 


A hl^jh  resolution  x-ray  diffraction  techtiique  has  been 
employed  annealed  aincl®  cx*y stale  of  aluisinujn  in  order  to 
arrive  at  an  eetioate  of  dislocation  densities  and  distributions* 

This  work  Indioates  that  in  annealed  aluminum  crystals  the  majority 
of  the  dislocations  are  present  in  an  esser;tially  random  array 
j with  densities  of  the  order  of  10*^  llnes/cn^*  Small  ancle 

A 

boundaries,  which  are  eocsnonly  present,  contribute  about  10  to 
10^  Ilneit/om^  to  the  dislocation  density*  Comparison  of  crystals 
obtained  by  growth  from  the  melt  and  by  recrystallisation  indicates 
that  thei-e  are  no  baeic  differences  In  the  degree  of  crystal  ^ 

perf;9Cti<::n  obtained  using  the  t%x>  methods  of  p^mth*  > 
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1. 


IKTtiODUCTIOil 

It  is  gcoisrally  accepted  at  the  present  time  that  a 
type  of  orystal  imperfection  called  a dislocation  plays  a very 
Importont  role  in  determining  many  of  the  properties  of  crystals* 
The  Influence  of  dislooations  on  the  properties  of  crystals 
arises  as  a result  of  the  inherent  properties  of  a dislocation 
and  its  Interaction  vdth  other  dislocations  or  other  types  of 
lattice  defects*  Despite  tiie  recognised  Importance  of  the  role 
of  dislooations  on  properties  such  as  mschanical  strength, 
danqsing  and  electrical  resistance,  there  has  been  but  little 
work  done  toward  obtaining  direct  estimates  of  dlslocatim  distrlo 
butlons  and  densities*  This  stats  of  affairs  is  primarily  due 
to  the  lack  of  completely  satisfactory  methods  of  measuring 
dislocation  densities  and  distributions*  risoently  developed 
x-ray  diffraction  technlques^^^^^^^®^  offer  hope  of  improving 
this  situation,  and  as  applied  particularly  to  metal  crystals, 
are  capable  of  giving  aemi-Quantitative  estimates  of  dislocation 
deisitieso  In  addition  these  methods  can  detect  the  presence  of 
and  measure  the  ma^^itude  of  a particular  type  of  dislocation 
distribution  commonly  referred  to  as  a small  angle  boundary* 
Informatior.  of  this  kind  is  of  Importance  in  the  interpretation 
of  physical  behavior  in  terms  of  dislocation  theory* 
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Th«  prMwit  invest  Igat  ion  carried  out  to  eeeees  the 

poeaibilltiee  of  using  3M*a/  taeaeureaents  to  determine  the 
dieXoeetion  structure  of  reesonshly  well  annealed  alumintia  sini^e 
crystals*  In  addition,  single  crystals  of  aluminum  obtainsd  by 
diffsr^t  growing  methods  were  examined  to  ascertain  if  there 
were  measurable  differences  in  the  degree  of  crystal  perfection 
and  if  any  basic  differences  in  the  type  or  distribution  of  the 
imperfections  could  be  detected* 

OEtERAL  COh^lOiiaATICItS 

X-ray  diffraotion  theory  predicts  that  reflection  of 
x-rays  from  a set  of  lattice  planes  in  a perfect  crystal  should 
occur  over  an  angular  range  of  a few  seconds  of  arc*  In 
praetice,  it  is  found  that  most  crystals  give  reflections  ovsr 
an  angular  rangs  in  sxesss  of  one  minute*  This  spread  in  the 
angular  range  can  be  interpreted  in  terms  of  s mosaic  block 
struoturv*  in  wlii^  the  angular  range  of  orientationr  is  givsn 
by  ths  sprsad  of  ths  rsflsoticn*  This  conospt  of  s mosaic 
structure  was  initially  introduosd  by  Oarwin^^^  to  account  for 
ths  obasrvsd  intsnsitiss  of  reflsotions  from  rsal  crystals* 

Thsory  indicated  that  ths  obscrvsd  intsnsitiss  could  be  accounted 
for  by  a mosaic  block  siss  of  moan  diamster  10*^  to  10*^  ea« 

This  mosaic  struoturs  can  bs  interpreted  in  terms  of  dialoestion 
distributions  in  which  ths  boundariss  between  the  blocks  are 
defined  by  dislooaticns,  and  for  ths  block  sisos  ^bove  would  give 
dislocation  densities  of  10^  to  10^^  linss/om^* 

I 
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In  addition  to  the  apread  in  the  reflection  ancle  wtiich 


arises  from  the  tilting  of  the  blocks,  contributions  to  the 
annular  ranee  of  the  reflections  should  arise  du«^  to  t-he  sise 
{ of  the  mosaic  blocks  and  fruiTi  the  strains  associated  vrith  the 

presence  of  dislocations* 

Gotteell^^^  discusses  the  interpretation  of  the  spread 
of  x*ray  reflections  in  terns  of  possible  dislocation  models 
for  the  case  of  tilting  of  the  mosaic  blocks*  Tho  type  of  model 
that  he  indicates  should  give  the  roost  reliable  estimates  of 
dislocation  densities  consists  of  a linear  array  of  blocks  of 
mean  sise  1,  each  block  tilted  by  the  angle  a relative  to  its 
nei^iborn,  a being  randomly  positive  or  negative*  For  this 
ease,  the  probable  angular  deviation  <r  between  two  points  in  the 
crystal  separated  by  the  distance  L ie  given  by: 

<r  - (1) 

Assuming  that  the  angle  a Is  ^ue  to  a single  dislocation  in  the 
block  botmdary,  the  probable  angulsr  deviation  is  related  to  the 
I dislocation  density  by  the  relation: 

(2) 

I 

where  b is  the  Buerger vector  of  a dislocation  and ^ is  the 
dislocati(»i  density  in  lines/cm^* 

Extension  of  this  theory  to  the  two^imsnsional  ease  and 
to  s.  derivation  of  the  distributimi  function  of  the  one-dimer. sional 
model  leads  to  results  similar  to  equation  (2)  in  that  the  mean 
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&q\Uut'm  lievlation  irtor«a»es  InorMtaing  aanple  slsa*  Tha 
cMmelualof)  from  thla  lo  that  if  dialooatlon  dlatributlons  ara 
aaaai^tlalljr  rardon,  then  the  expected  angular  devlatlono  will 
Increase  with  Increases  in  the  crystal  alas  or  of  the  region 
lr.Testlgated»  Thle  point  can  be  checked  experimentally*  In 
addition  I the  tilting  block  moJel  indicates  that  this  source  of 
angular  spread  of  the  reflections  is  independent  of  the  reflection 
angle  and  offers  the  possibility  of  aortiiig  out  its  ocntributiona 
from  other  sources  of  line  broadening  which  are  dependent  on  the 
diffraction  angle* 

The  pdT’t.lcle  site  broadening  equation  gives  the  increase 
in  the  angular  spread  of  the  reflection  associated  with  the  aise 
of  the  coherently  reflecting  rsgiotj*^^^  This  relation  Iss 


(3) 


® 1 coe  0 

w • exp>erimental  line  width 

V ■ instrumental  line  width 
o 

\ *=  wave  length  of  x-rays  r«fli9Cv«i  by  the  crystal 

0 « Bragg  angle 

1 ■ mean  pai^iole  size 

This  equation  predicts  an  increase  in  the  line  width  due  to 
decr^Be  in  the  particle  eiee*  For  e given  system  (X,l  constant) 
the  line  ividth  observed  will  vary  as  a function  of  aecant  0*  In 
praeticsy  the  application  of  this  relationohlp  to  the  interpretation 
of  experlioental  data  requires  accurate  knowledge  of  the  instrumental 
line  widths— particularly  in  the  oc.ee  of  onfiesJ.ed  crystals  whcs'e  1 
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la  relatively  Inr^ie  and  the  expected  changes  in  line  width  are 
8Q>alle 

The  influence  of  lattice  etralna  on  the  angular  range  of 
the  reflections  arises  due  to  the  change  in  the  diffraction  angle 
with  changes  in  the  Interplanar  ap^xcing.  The  shift  in  the  reflection 
angle  Is  given  by: 

hO  * e tan  0 (4) 

where  c “ strain • P ■ diffraction  angleo 

A uniform  strain  will  simply  produce  a shift  in  the  diffraction 
angle  without  any  change  In  the  angular  range  of  the  reflection* 
iiowover,  a non-uniform  strain  v’lXl  give  a contribution  to  the  line 
width  due  to  variation  in  e*  The  line  wldtii  increase  aw  due  to  a 
range  of  strain  is  given  by: 

4 w • tan  B (9 ) 

In  oi’der  to  relate  equation  (5)  to  diolocation  theor)',^  the 
mean  strain  due  to  dislocations  in  a crystal  can  be  estimated  by 
averaging  the  strain  due  to  n single  dlslooatiort  over  the  region 
xurrotuTidlrg  the  dislocation  to  points  midway  between  adjacent 
dlslocaticnse  This  type  of  calculation  can  be  carried  out  for  edge 
type  dislocations  and  gives: 


where:  - the  mean  square  teneile  or  compressive  strain* 

b “ the  Buerger *8  vsotor  of  a dislocation* 

R • the  radius  of  the  region  occupied  by  ths  aislocation 
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r ««  th«  radius  o£  a re^;lon  around  the  core  of  th« 
o 

dislocation  in  which  aquation  (6)  is  not  applieabla 

due  to  failura  of  the  elasticity  aquations  from 

which  (6)  ie  darivod  in  the  ration  of  lari's  strains 

rear  tha  canter  of  the  dislocation*  region 

extends  several  atonic  dimensions  ax'ound  tha  dislo- 

a 

cation  and  is  given  a value  of  6 X 10  cm  in 
subsequent  calculations* 

Equation  (5)  gives  the  mean  tensile  strain  in  tha  region  below  a 
positive  ed^,e  dislocation,  or  the  mecin  compressive  strain  in  tha 
region  above  the  di8locati<m*  i'hus,  the  range  of  strain  will  be 
twice  the  ueon  strain*  Taking  this  into  account,  and  also  that 


The  Increase  in  line  width  predictcid  by  this  squat  ion  would  bs  due 
only  to  edge  type  dislooations  since  screw  type  dislocations 
introduce  s^o  dilation  of  the  lattice* 

In  addition  to  the  s<ras‘cea  of  litie  bmadenlng  discusseu 
above ^ osmll  angle  bovmdarles  are  usually  prasent  in  metal 
and  ere  detected  readily  by  higli  angular  resolution  x-ray  diffraction 
techniques*  They  are  observed  in  an  x-ray  reflection  as  a displace- 
ment  between  one  portion  of  the  reflection  and  another*  The  angle 
associatec;  with  thie  displao^imsr.t  is  a dlz*sct  measurs  of  the  angular 
misorier.tation  occiiring  at  tht  r>oundary*  The  simplest  typs  of 
bcundiu^  t^uit  cr^n  bt  constru?t€d  using  dialocations,  consists  of  a 
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■hMt  of  parallel  edf.e  type  dialocatiotiS  of  the  same  with  a 
mean  spacing  h betwsan  the  dialoeatlons*  >'or  small  angular  mia* 
orlentationSf  the  angle  of  tilt  of  the  boundary  lei  ^ 
ehere:  a • tilt  angle  of  boundary  b ■ Buergera  vector  of  the 
dislocations 

High  resolution  x«ray  diffraction  methods  have  been  applied 

to  metal  single  crystala  by  aeveral  invent Igatora,  and  their  results 

have  indicated  that  a hi^er  degree  of  crystal  perfecLion  than 

heretofore  expected  souietimea  exists  in  carefully  handled  single 

crystals  obtained  by  recrystallisation.  Gulnler  and  Tennevin^^^ 

using  a focusing  Laue  method , reported  a maxinuRi  disorientation  in 

certain  aluminum  apeclmena  less  than  30  seconds  of  arc  over 

regions  ii.volvlfig  about  30  ca^«  In  terms  of  the  tilting  block 

model  for  estimating  dislocation  densities  (equati(»t  2),  this  gives 

a dislocation  density  of  ^ ■ 2«3  x 10^  lines/cou  Lambot, 

(21 

V'assanjiUet,  and  Uejace  employing  a method  similar  to  that  used 

in  the  present  investigation,  reported  for  Al  and  fe  single  cx*yetale 

a maximum  disorientation  of  50  seconds  of  arc*  This  corresponds 

to  a dislocation  density  of  about  7*5  1 lo”  llnee/em  * Gay,  hlrsch 

and  Kelly^^^  using  a micro  beam  technique,  report  the  upper  limit 

8 

for  the  dislocation  densities  in  annealed  aluminum  as  3 1 10 

A 

lines/oa  o In  that  their  work  was  carried  out  on  polycrystalllne 
material,  it  is  not  clear  that  their  results  are  comparable  to 
results  obtained  on  eingl«  crystals* 


SIPl^lMEKTAL  METHODS 


hjL.gh  purity  aluainua  eirki;lo  crystal  apaclmena  wera  prei>ar«dl 

in  tha  form  of  square  teriaiie  Bpecimons  1 cm  square  by  6 cm  long 

in  the  reduced  aectlori  of  the  tars*  Or.e  group  of  specimer.s  was 

prepared  by  the  strain-anneal  method  of  uOhwt>ps»  bhober,  cuid 
(7) 

Jackson  ' * The  other  group  of  apecii&ens  wore  prepared  by  the 
**  soft  mold**  method^^^*  Both  groups  of  specimens  were  prepared 
from  the  same  bars  of  hl-purlty  aluminum  (99*99^^  Al)** 

After  the  appropriate  crystal  growlr:g  cycles  had  been 

fO) 

carried  out,  the  specimens  wero  etched  in  a maeroetch  solution*'' 
which  %fas  capable  of  showing  d'ter.wtlon  differences  of  about  1/2^* 
The  presence  or  absence  of  visible  disorientations  on  the  etched 
specimens  was  used  as  & criterion  for  sorting  them  Into  satlsfAetory 
end  unsattsfoctory  categories*  Mort  of  the  specimens  processed 
by  the  strain-anneal  method  required  an  anneal  of  20  - 50  hourt> 
at  650^0  vO  eliminate  isolated  j^ains  that  remained  after  the 
growing  cycle*  The  yield  of  s^itlsfactory  specimens  was  about  the 
same  for  each  method,  being  slightly  bettei  than  50  per  cent* 

X-RA7  MLTHQOb 

The  x-ray  method  used  was  essentially  the  same  as  that 

(2) 

described  by  Lambot,  VassamiUet^  and  uejaoe  '•  Our  experimental 
set-up  is  indieeted  schematically  In  figure  1*  It  employed  a G*E* 
CA7,  coppsr  target,  x-ray  tube  with  the  bean  taken  from  the  line 
fooua  port  at  about  4^  to  the  plane  of  the  target*  A bor.t  crystal 

"’Supplied  by  Aluminum  uesearch  Labos'atorios,  Aluminum  Company  of 
Amerioa* 


I monoohrooator  Intercepted  thla  bourn  and  reflected  a inonochroinatic 

I 

bean  wiiich  vies  convergwt  in  the  horisontal  plane  arid  divergent 

( 

j • in  the  vertical  plane*  When  prcporly  adjusted  the  nonochromator 

I 

I gave  a fine  line  focus  in  which  the  Cu  - Ka  doMblst  was  cleanly 

i 

I resolved*  The  eharaetersitics  of  the  bean:  chtajlr.ed  fron  the 

5 

I monoohronator  are  listed  in  Table  1* 

■< 

dpecimens  were  held  in  a cor.iometer  which  could  be  adjusted 

j so  that  the  plare  of  the  surface  being  investigated  coincided  with 

the  vertical  axis  of  rotation  of  the  coniometer  which  in  turn  had 
been  adjusted  to  coincide  with  the  noriochroatator  focus*  The 
orienting  of  specimens  to  obtalr>  reflections  was  facilitated  by 
prior  knowledge  of  the  orientation  obtained  by  the  back  reflection 

I oethcd* 

I In  the  adjusting  of  the  monochromator » it  was  found  con* 

venient  to  employ  a long  focal  length  microscope  to  observe  the 
focus  on  a fluorescent  screen*  Use  of  this  method  improved  the 
speed  and  reproducibility  of  adjustment  over  that  of  the  photo* 
fpraphlc  method*  In  addition,  the  use  of  a portable  Geiger  counter 
to  detect  and  locate  the  reflectim  ITom  the  specimen  facilitated 
the  accurate  adjustoient  of  the  apecimen  for  maximum  Intensity  of 
refleotiono 

deflections  were  registered  or.  film  at  a distance  of  one 
meter  from  the  specimen*  i^xpoeure  times  varied  from  10  minutes 
for  the  (111)  reflection  from  aluminum  to  about  Z hours  for  the 

I (333)  reflection*  The  films  were  scanned  on  a L and  h micro* 

i 

photom<ptor  and  lire  widths  measured  at  one*half  the  nwirittniiT^  film 
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dtnslty*  Fl^ur*  2 shows  several  reflections  obtainod  by  this 
method*  Klnors  3 shows  a typical  oicrophototneter  record  obtained 
from  an  aluminum  speoimen* 

Aperturinfr  of  the  Incidont  beam  was  carried  out  to  test 
the  predictions  of  the  theory  based  on  the  tilting  block  model* 

This  was  accomplished  by  inserting  lead  slits  into  the  path  of  the 
Incident  beam  at  a point  about  1 mm*  iri  front  of  the  specimen*  By 
thia  means  the  vextlcal  height  of  the  beam  at  the  specimen  could 
be  varied  from  0*1  am  to  the  full  beam  height  without  disturbing 
the  monochromator  or  specimen  adjustments  and  withoiit  sensibly 
affecting  the  angular  aperture  of  the  incident  bean*  These 
aperturlng  teats  were  carried  out  on  aluminum  specimen  0^  grown 
from  the  melt,  which  fortuitously  combined  the  attributes  of  a 
good  dsfreo  of  crystal  perfection  andan  orientation  such  that  the 
(111)  reflection  could  be  obtained  under  nearly  optimum  experimental 
conditions*  In  additioi;,  similtu*  tests  were  carried  out  on  a quarts 
crystal  usirr  the  (210)  reflection*  This  reflection  occurs  at  a 
Bragg  angla  very  nearly  the  same  as  the  (111)  reflection  from 
aluminum* 

Ir:  order  to  deteriblne  the  angular  dependence  of  tlie  line 
widths,  a number  of  reflections  which  covered  the  range  of  re- 
flection anrl-es  possible  were  obtained  from  one  face  of  aluminum 
specimen  U*  All  reflectione  were  obtained  from  the  same  region  of 
the  apocimsTi  T^"’***  covering  about  ths  some  angular 

ronge  were  obtained  frcua  the  quajrts  crystui.  for  comparison  * 

A survey  was  carried  out  on  a number  of  aluminum  spaciaens 
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for  eoioparlson  betwocn  the  atrain-^nneal  and  the  melt-crown  aped- 
laena*  Refleotions  were  obtained  frtai  each  of  the  four  faces  of  a 
specimen,  usually  near  the  central  reeion  alone  t;he  loneth  of  the 
specimen*  Six  speeimens,  three  of  the  strain-anneal  and  three  of 
the  melt-erown,  were  checked  at  two  differetit  poaltions  separated 
by  about  3 cm  along  the  langth  of  the  speeimen.  ho  aignlficant 
differences  In  the  degree  of  crystal  perfection  waa  observod 
between  the  top  and  bottom  regions,  so  the  balance  of  the  specimens 
were  examined  only  near  the  center* 

RESULTS 

Aperturing  Tests:  The  results  of  the  aperturlng  tests  on 

line  widths  are  tabulated  in  Table  2 arid  sutnmurizod  graphically 
in  figure  4*  The  interpretation  of  the  behavior  observed  is 
reasonably  direct,  but  roquli'es  some  understanding  of  the  geometry 
of  the  experiment* 

If  all  possible  paths  are  considered  by  \fhich  a ray  can 
arrive  at  and  be  reflected  frou^  a point  cm  the  specimen  which  is 
centrally  located  with  respect  to  one  of  the  lines  in  the  focus, 
it  is  found  that  there  is  a vertical  angular  range  (vertical 
angular  aperture)  of  about  3/4^  over  which  this  can  occur*  As  a 
result,  the  reflection  from  this  point  is  registered  on  the  film 
as  a short  arc  whose  vertical  length  corresponds  to  about  3/4^  and 
whose  horieontal  width  is  determined  by  the  material  giving  the 
reflection  and  by  the  spectral  range  present  in  the  x-ray  beam* 
Points  on  the  specimen  which  are  close  enough  to  each  other  will 
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glv«  reflections  which  overlap  and  reinforce  the  Intensity  at  the 

fHiOa  This  co:idition  varies  with  the  vortical  position  along  the 

focus B For  reflection  from  points  above  and  below  the  midpoint 

of  the  focus,  the  vertical  angular  aperture  is  reduced,  and  the 

direction  of  the  ray  producing  the  center  of  the  reflected  arc 

will  no  longer  be  horisontal,  but  will  have  a small  vertical 

inclination*  At  the  extremities,  the  vertical  aperture  is  vei'y 

small  and  the  mean  paths  are  inclined  at  about  2^  to  the  horisontal* 

This  can  be  seen  in  the  refleetiona  shown  in  figure  2 in  which  the 

lines  taper  off  in  intensity  at  either  end  due  to  the  reduction  of 

the  vertical  aperture  at  the  top  and  bottom  ends  of  the  focus* 

Ths  central  portions  of  the  lines  which  are  uniforo  in  intensity 

are  from  the  central  region  of  the  focus  whnrs  changes  in  ths 

vertical  aperture  and  the  inclination  of  the  mean  path  are  small* 

This  region  of  uniform  intensity  in  the  reflection  is  estimated 

to  correspond  to  ths  center  4 mm*  of  focus,  and  this  is  ths 

region  in  vdiich  the  slits  were  used  to  define  the  beam  hei^t* 

In  this  portion  of  the  reflection,  the  experimental  line  width  is 

determined  by  instrumental  contributions*  ana  by  the  angular 

variations  preamt  in  the  material  in  an  area  defined  by  the  focal 

width  and  about  1 mm*  of  length  along  the  focus* 

Inserting  a Slit  to  define  the  beam  height  at  the  apeclaen 

will  not  ai  fe'jt  the  line  width  in  the  centr  1 part  of  the  reflection 

* The  inivbrumental  cwtrlbutions  to  the  widths  of  reflections 
obtained  with  our  axperimental  sotMip  hare  treated  in  some 

detail  by  Lambot,  Vascamillet,  and  i)ejaee*(^/  Except  for  the 
contribution  due  to  spectral  width,  the  instrumental  contributions 
for  the  reflect ions  obaerved  in  ths  aperturing  teats  are  quite 
small  and  lead  to  no  serious  errors  if  neglected* 
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ur.tll  the  ollt  hnifM  become u Xeso  thur  the  rmxloum  separation 
distance  of  points  rlTlnr.  overlapping,  reflect. Iona*  For  slits  less 
than  this  critical  slssi  the  area  contrlbutlnt;;  to  the  reflection 
is  reduced^  In  the  aperturlne  experiments | this  critical  air.e 
eorreepwids  to  about  1 mn*,  and  for  slits  in  the  range  of  0«5  to 
1*0  mm  the  variation  in  the  line  vridtho  qualitatively  follows  the 
behavior  predicted  by  equation  (2)*  below  Uo3  mm,  the  gradual 
upturn  and  sharp  increase  in  the  line  width  is  believed  due  to 
acatterlnt',  of  the  Incident  beam  at  the  edges  of  the  slit.  This 
factor  would  becoaui  relatively  more  pronounced  with  decreasing 
slit  hel(;hts  as  is  evident  in  the  large  values  of  the  line  widths 
for  the  0«1  mm  silt. 

Duo  to  the  limited  range  of  slit  sisee  for  which  the  line 
widths  vary,  it  is  rot  possible  to  check  in  detail  whether  these 
ohangea  follow  the  square  root  relation  of  equation  (2)o  A rough 
cheek  can  be  made  frooi  the  ratio  of  the  line  widths  for  the  leO  mm 
and  0«3  mm  slit  8itee»  This  ratio  le  1*4^  for  the  aluminiai 
specimen  and  l»4d  for  the  quarts*  The  ratio  expected  from  equation 
(3)  is  l«4lo  The  agreement  between  experliacnt  and  the  tilting 
block  model  theory  is  surprisingly  good,  particularly  in  view  of 
serious  doubts  that  arise  as  to  the  applicability  of  a theory  baaed 
on  a ona<aliiB«i8ional  model  t.a  a three^diawnslonal  (or  at  best  quasi 
two«Klimenslonal)  system*  The  important  result  of  theee  measurements 
le  that  the  behavior  obaerved  is  qualitatively  consistent  with  the 
behavior  expected  from  a eystent  containing  a random  dislocation 
dlstributlcrig 


Further  conslderatlor  of  the  applicability  of  equation  (2) 
to  observations  made  durine  this  investigation  reveal  some  features 
which  ere  of  interest*  If  wo  use  equation  (2)  to  calculate 
probable  angular  deviati<His  for  widely  separated  polrits  in  the 
crystal  (L  " 1 cm)  for  dislocation  densities  in  the  range  of  IC^ 
llnee/cai  to  10  llnea/ca^,  we  obtain  the  fol  foiling  values  for  the 


probable  angular  deviation! 

q)  a^2?2„2''  <p  -sria*  q>  8£rl®9® 

^STi  the  full  beam  is  employed,  the  reflection  obtained 
comes  from  a region  on  the  apeclnen  along  a lins  obout  1 cm  in 
length*  v.e  can  readily  detect  horisontal  deviations  in  ths  position 
of  the  reflection  of  about  1 min*  and  verticiil  deviations  of  about 
10  min*  In  the  absence  of  small  angle  boundaries,  no  horisontal 
dsviations  from  the  mean  reflection  position  were  observed  that 
amounted  to  more  than  1 or  2 miiutes*  ho  vertical  deviations  were 
detected*  This  indicates  that  either  the  dislocation  densities  of 
the  apeciffl^rs  observed  were  of  the  order  of  10^  lines/cm^  or  less, 
or  that  the  tilting  block  model  from  which  equation  (2)  is  derived 
is  not  a good  representation  of  the  situation  i;n  a real  crystal* 

Variation  of  Line  T^dth  with  Diffraction  Angle:  The 

results  of  the  measurements  made  to  determine  the  dependence  of 
the  line  width  on  the  diffraction  angle  are  tabulated  in  Table  3 
and  sumnarised  graphically  in  figures  4 snd  It  is  not  possible 
to  dacide  from  these  graphs  viitether  the  data  follows  the  tangent  6 
relation  for  strain  broadenir.g,  or  the  secant  6 relation  foi' 
particle  size  broadeningc  The  rocults  obtained  on  the  quarts  are 
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5oa«what  iiuiaflnlte  due  to  scatter  in  the  points  obtained*  Uislo** 
cation  densities  calculated  from  the  slopes  of  the  curves  in 
figures  4 snd  5 are  tabulated  in  Table  4 along  with  the  values 
calculated  from  equation  (2)*  The  agreement  between  the  dislocation 
densities  estimated  in  th«^  aluminum  specimen  by  the  tilting  block 
model  and  the  particle  sice  relation  is  quite  good* 

The  low  dislocation  densities  obtained  from  the  strain 
broadening  relation  as  compared  with  thedensltlcr  estimated  from 
the  tilting  block  model  and  from  the  particle  site  relation 
Indicates  that  strains  of  the  type  considered  In  the  derivation 
of  equation  (6)  are  quite  small*  The  dislocation  densities 
tabulated  in  Table  4 for  particle  sise  broadening  are  calculated 
under  the  assumption  that  strain  broadening  is  nagiicible,  and 
the  strain  broadcr;lr<g  values  assume  that  particle  size  broadening 
le  negligible*  If  the  value  for  dislocation  densities  given  by 
the  tilting  block  model  and  by  the  particle  size  broadening  relation 
are  accepted  as  the  most  reliable  estimates  of  the  dislocation 
density  in  the  aluminum  crystal  examined,  the  low  dislocation 
density  obtained  using  the  strain  broadening  relation  car>  only  be 
consistent  w5.ch  tilting  block  and  particle  size  densities  if  the 
dilations  present  are  much  emallor  than  one  would  expect  from  most 
dislocation  arrangement s*  It  can  be  consistent  if: 

1*  Screw  type  dislocations  predominate  in  annealed 

orystale*  This  appears  to  be  a reasonable  possibility^ 
since  the  strain  energy  of  an  edge  type  dislocation  is 
about  50  per  cent  gi' eater  than  that  of  a screw  dislo- 
cation* 
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2m  Edg«  tfp«  diaXocfitlons,  wh«n  present  In  aimeal^d 
crystnls  nr«  in  arrays  t«hieh  minimis#  th#  strain 
•narey  of  th#  crystal.  On#  dislocation  array  which 
1#  coflMonly  obs#rv#d  in  natal  crystals  is  th#  siaall 
angl#  boundary. 

Survey  of  Aluminum  Single  Crystals!  Comparison  of  th# 
atrain«>anneal  spscimens  (numbered  series)  with  the  melt^grown 
speolmms  (alphabet  series)  from  the  survey  results  as  tabulated 
in  Table  5 ir.dicates  that  on  thc'  average  the  foirmer  show  a 
slightly  better  degreo  of  crystal  perfection.  The  rather 
surprising  aspect  of  this  survey  is  that  there  were  a number  of 
melt-grown  speoimens  which  wore  comparable  in  all  respects  to 
the  strain*or.neal  specimens.  In  gsnsralf  the  degree  of  crystal 
psrfsotion  prssent  in  the  meltogrown  specimens  is  much  better  than 
would  be  expected  from  information  available  in  the  literature. 

In  the  melt-grown  specimens , the  number  of  small  angle 
boundaries  intercepted  by  the  beam  was  deterniinsd  in  part  by  the 
angle  the  line  of  the  focua  made  with  the  specimen  axle,  ithen 
the  focus  was  perpendicular  to  the  epeciman  axis,  it  intercapted 
on  an  average  three  time#  aa  many  boundaries  as  when  it  waa 
parallel  to  the  epeclsan  exie.  This  indicates  that  tha  boundaries 
tend  to  run  parallel  to  the  specimen  axis  (and  the  growth  direction). 
Ko  indications  of  a preferred  direction  of  the  boundaries  was 
observed  in  the  strain-anneal  specimens. 

The  density  of  dislocations  in  the  small  angle  ooundaries 
is  comparatively  small,  for  the  strain-anneal  spooimena,  ths 
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dar fllty  of  dlalooatiotttt  in  bouadarlea  la  4»Zs  10^  linaa/cK^, 
'or  thf  S£lt»ETOwn  apaoliaana  Ij^x  10^  linaa/oa^.  Tha  lina 
widths,  of  the  atrain-aiiitaal  spaclnena  tand  to  ba  allihtly  ataallar 
than  thc^e  \f  tha  malt*e^roMn  apaolowna*  Annaaling  oi  savaral 
■alt*ircwn  spi  'Imana  producad  no  dataetabla  changas  Ui  tha  lira 
widtha*  nia  avairxge  corracted  lina  widtha  for  both  e^Q}XP'>  of 
apacloK’ia  &ra  0.62*  for  tha  is>ilt  epaciaana  and  0*45*  fo^‘  tha  strain* 
anneal  aisoimans.  Tha  'a^^tar  rulua  la  about  tha  aaaa  as  obsarrad 
for  tha  (2.'o)  raflactiof  from  tha  quarts.  Tha  disl'sation 
densities  coi responding  to  these  lina  widths  ara  6 x lU  linas/cm 

t 

for  tha  malt  s:^eioMna  i id  3.5  x lo’  linas/esi^  fr’.  tha  strain 


I 
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^ annaal  spaeia<  ns<i 

I 

I Soma  1 .-.sight  as  to  one  of  tie  sources  of  rariation  in  lina 

widths  from  s^’toiaan  to  . pacioan  is  given  by  a series  of  eiero- 
photoaetar  nieas  uraaenta  a*  tha  (ill  / r«ilo;:tion  from  spaciaao  D 
and  tha  (210)  railaetion  of  tha  quarts,  liach  reflection  was 
scanned  at  0.5  oa  intervals  along  .ts  length  over  the  central  5 cm 
of  the  lina  where  tha  film  density  in  tha  reflactiou  was  uniform. 
Tha  root  Qaan  square  deviation  of  tha  oeasurenents  from  tha 
aluminum  specimen  amounted  ti  20  ptr  cwt  of  tha  correct  ad  lina 
width,  while  tha  deviation  fcr  the  quarts  was  2 par  cent.  Close 
visual  examination  of  tha  alusiinua  lines  indicated  that  small 
bulges  ware  praaont  on  tha  linaa  oompara  a and  b in  figure  2). 
Soma,  but  net  all  of  tha  melt*groin  specimens  gave  reflections 
with  thio  type  of  variation  Iti  th^  lines,  whereas  the  atraln*anne^.I 
spaciaans  raroly  showed  this  tyoe  of  variation.^  Those  variations 
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ar«  thou^t  to  correspond  to  a.a<  il  arfle  bou^ndarles  which  are  not 
reaolred  and  represent  onculax'  ciisorientatione  of  less  than  about 
20"  of  arc. 

The  oomparable  degreo  of  perfection  observed  in  the  quartz 

and  alunlnum  spoolmens  is  consistent  tfith  previous  work  which 

(2 ) 

employed  this  x-ray  method.'  Comparison  of  our  results,  which 
%rere  obtained  by  reflection,  with  previous  results  obtained  In 
transmission do  not  Indicate  any  sensible  dlfferoncee  In  the 
decree  of  crystal  perfection  obsorved.  This  point  is  of  some 
Importanoe,  since  the  reflection  method  " sees"  only  a thin 
layer  at  the  ei'xface  and  the  question  natui'ally  arises  as  to  whether 
these  surface  observations  are  i^lso  applicable  to  the  interior  of 
the  crystalA  In  that  the  transinlsslon  raeasurements  mentioned 
above  were  made  on  0.5  mra  thick  specimens,  it  appears  that  our 
meosurements  In  reflection  arc  xopresentatlve  of  the  loaterial  to 
a depth  comparable  to  this. 

The  unexpected  high  degree  of  cryetal  perfection  in  the 
melt-^owii  specimens  is  probably  associated  with  the  crystal  growing 
method  employed,  ho  attempt  has>  been  itade  to  date  to  ascertain 
^ich  of  ssveral  possible  factors  are  of  importance.  The  factors 
that  are  different  in  the  **  soft-mold*  method  from  more  conventional 
methods  are  the  strength  (or  sof tress)  and  the  radial  thermal  in- 
sulation provided  by  the  mold  material.  The  softness  of  the  mold 

matex‘l?l  t'educes  the  possibility  of  strain  due  to  differential 
thermal  contraction  in  specimens  * keyed in  the  inold,  and  in 
addition,  permits  easy  removal  without  the  danr,er  of  accidentally 


t 
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dasaglRg  ft  specimen*  The  rodiel  thez^l  insulation  provided  by 
the  mold  material  combined  with  extraction  of  heat  by  conduction 
fron  the  bottom  of  the  mold  favo]*s  a tx*uly  axial  heat  flow  in 
the  apecimer.  during  solidification*  This  last  factor  is  thouc^t 
to  be  the  tBore  important  of  those  discussed* 


COliCLUdiChS 

The  use  of  high  resolution  x«ray  diffraction  methods  on 
annealed  crystals  offars  good  possibilities  of  obtaining  consider** 
able  information  about  the  dislocation  densities  and  diatributionss 
The  present  work  indicates  that  in  annealed  aluminum  single 
crystals,  ths  majority  of  the  diuloeaticne  are  present  in 
essentially  random  arrays  and  in  danaitlea  of  about  10^  linss/cm^* 
Small  angle  boundaries  contribute  but  little  to  the  overall 
dislocation  density,  contributing  on  the  avsrage  about  IcA  to  10^ 
linee/om^* 

^c  basic  differencea  were  observed  between  aluminum  single 
crystals  prepared  by  the  strain  anneal  method  and  those  grown  from 
the  melt*  The  3aJor  diffar^'ice  between  the  two  types  of  crystals 
is  that  on  the  average  the  number  and  an|?ilur  range  of  small  angle 
boundaries  is  less  in  the  strain  anneal  crystals* 

Additional  work  is  needed  to  confirm  and  expand  the  results 
of  this  investigation*  extension  of  the  work  on  the  statistics 
of  dislocation  distributions—both  experimental  and  theoretical*" 
is  particularly  desirable*  Experimental  techniques  different 
from  those  employed  in  this  work  should  be  investlf^ted^ 


Ci.,_  .^,-x^^  . *-'.•».  =^-*^v.^-  --  V-1 


ACXIi(Mhia)GLMlJiT 


Th«  authors  are  erateful  to  Profeseor  A*  Guiixler  for 
help  Hlth  this  method  durlne  hia  period  of  residence  as  VisltiDg 
Professor  ot  Metallurgy  in  the  Department  of  isininc  and  Metallurgy 
at  the  University  of  Illinois* 


TABLE  1 

Reparation  of  Kc^  and 

Width  of  Ko^  at  one^alf  nviXimum  Intenaity 
Width  of  Ko^  one*hall'  raxinum  intensity 
Full  width  at  background  .intensity  level 
Vertical  heicht 

Uoriaontal  an/^ular  apertore  • • approxioately 

Vortical  angular  apertw  e • « o approximately 


•U65  nn 
oU6fi  no 
•U5d  on 
•20  nn 
10  nn 
1® 
3/4® 


TA  iL£  II 

Line  Wi.itha  in  Minutes 


Aperture  Corrected  Corrected 

aniit  For  For  Average 

Height  Eo^erimenta.'.  dpeetral  Experimental  Spectral  Corrected 


Aluminum 

Ool 

1,72 

1,27 

1,42 

o62 

I0O4 

n 

0,2 

1.10 

•65 

1,06 

•48 

,56 

k0 

0,5 

1,07 

.62 

1,01 

•a 

•52 

(111) 

1,0 

1,23 

•76 

1,33 

o73 

,76 

Reflection 

2,0 

l«Oi! 

•63 

1,05 

•4$ 

•54 

5o0 

1,2S 

•64 

1,23 

oo3 

•74 

wuarts 

Ool 

1,26 

•63 

lcl5 

.55 

,69 

(210) 

0o2 

,95 

.50 

o93 

,33 

•42 

0,5 

•93 

,46 

.95 

•35 

.42 

Reflection 

1,0 

1«06 

,63 

1,15 

•55 

•59 

2,0 

1,07 

,62 

1,23 

•63 

,62 

5,0 

1,09 

064 

lo21 

•61 

o62 

Average 

of  three  microphotomoter 

scannings  on 

the 

linos. 

TABLE  .C21 


Speolaen 

and 

Raflactloo 


AlUESiTiUw 
Specinoc  D 


Hvorare  Litie  .y'id'.ha  in  i-dnut 


(lU) 

(^20) 

(222) 

(331) 

422) 

(333) 


quarta 

(210) 

(4f0) 

(5?4) 


Avaraga 
Correct  wd 
Width 


1.32 

1.3o 

.83 

.78 

2.09 

1.65 

1.21 

•^F 

.64 

2.15 

2.26 

.93 

•06 

.79 

2.sa 

3.12 

.86 

•45 

.66 

4*62 

5»44 

1.26 

.70 

.98 

11.16 

14.30 

2.16 

1.04 

1.60 

l.OB 

1.09 

.59 

.45 

.52 

1.50 

1.80 

.29 

.20 

.24 

7.36 

8.5. 

1.16 

.04 

.60 
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Corrected  for  s actral  v/idth  and  vertical  aperturec 
Jee  iiel'erence  t . 
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Fig.  4 

Effect  of  Aperoturing  on  th^  line  widths  of  the  (III)  reflection 
from  Aluminum  and  the  (2lO)  reflection  from  Quortz. 
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